Abstract: Various sugars were introduced by electroporation into perennial ryegrass protoplasts, and the involvement of intracellular functional groups of the sugars in salt tolerance was investigated. The protoplasts were prepared from the young leaves of perennial ryegrass, and those into which sugars were introduced were treated with NaCl solution (250 mM, pH 7.0) for 6 h at 10
Introduction
Salt (NaCl) stress includes osmotic and ionic stresses and causes dehydration, cell membrane injury and the inhibition of enzyme activity, resulting in the depression of plant growth (Nakamura et al. 1992; Pitman & Läuchli 2002; Tester & Davenport 2003) . One of the proposed mechanisms of salt tolerance is the accumulation of water soluble sugars in plant cells, which decreases osmotic potential and maintains water absorption (Kerepesi & Galiba 2000; Saneoka & Nagasaka 2001; Rhodes et al. 2002) . On the other hand, Uedaira & Uedaira (1980) reported that the hydroxyl groups of sugar molecules protect the structure of lysozyme by combining with the surrounding H 2 O molecules. Vereyken et al. (2001) reported that the carboxyl groups of fructans protect the structure of phospholipid membranes by combining with phospholipid head groups. Therefore, it is possible that some of the sugars that accumulate in plant cells under conditions of NaCl stress play a role in increasing salt tolerance by protecting the structures of enzymes and biomembranes. While the mechanism of osmomodulation by sugars has been the focus of several salt tolerance studies (Karakas et al. 1997; Garg et al. 2002; Taji et al. 2002) , the involvement of the functional groups of sugars in salt tolerance has received relatively little attention.
In order to effectively study the relationship between the functional groups of sugars and salt tolerance, the growth of plants treated with various sugars should be compared. However, it is difficult for sugars of high molecular weight to permeate the cell membranes of intact plants. In this study, we demonstrate a method designed to increase the concentration of sugars in the protoplasts of perennial ryegrass (Lolium perenne L. cv. Friend). Various sugars were introduced into protoplasts by electroporation, and the involvement of the functional groups of these sugars in salt tolerance is discussed.
Material and methods

Plant material
One gram of perennial ryegrass (Lolium perenne L. cv. Friend) seeds was sown on gauze (15 × 30 cm) that had been wetted with water and placed on a plastic tray (15 × 30 × 10 cm). The germinated seedlings were subjected to hydroponic culture in a standard solution (1.3 mM NH4NO3, 0.16 (Maeda et al. 2005) . Using small pieces of sponge, 3-weekold seedlings were inserted into holes (3 seedlings/hole; depth of holes: 2 cm; interval between holes: 5 cm) bored into a polystyrene foam plate (50 × 40 × 2 cm). The seedlings were grown in a plastic container (50 × 40 × 20 cm) filled with 40 L of the nutrient solution and were placed in an artificial climate room at 20
• C (day/night). The nutrient solution was replaced every 3 days. Young leaves from 15 plants were used for preparing the protoplasts. Effect of sugars on salt tolerance 205 cut into 2-mm 2 pieces. These were then added to 10 mL of a 2% solution of cellulase 'Onozuka' RS (Yakulut Pharmaceutical Ind. Co. Ltd., Tokyo, Japan) that was dissolved in 10 mM Tris-HCl (pH 6.5) containing 0.5 M mannitol (basic solution). The mixture was incubated at 30
Protoplast preparation
• C for 1 h and gently shaken every 15 min. After the treatment, the mixture was filtered through a nylon mesh (50 µm), and the protoplasts that remained on the mesh were washed twice with 10 mL of the basic solution. The filtrates were collected and centrifuged at 50 × g for 3 min at room temperature. Centrifugation was used to wash the precipitate 3 times with 10 mL of the basic solution. Prior to use in the experiments, the protoplasts present in the precipitate were diluted to a concentration of 100 000/mL using the basic solution.
Introduction of sugars into the protoplasts by electroporation
The sugars prepared for this experiment were as follows: monosaccharides (fructose, glucose, galactose, mannose, sorbose, rhamnose and fucose), sugar alcohols (xylitol, sorbitol, mannitol and inositol) and di-and trisaccharides (fructobiose, sucrose, lactose, maltose, cellobiose, trehalose, 1-kestose, raffinose and maltotriose).
Sugar was introduced into the protoplasts via electroporation as described by Unno & Yamamoto (2004) . One hundred microliters of 3% sugar solution was added to 100 µL of protoplast suspension. The protoplasts were cooled in an ice bath at 4
• C for 15 min and then electroporated at 500 V/cm and 18 µF using an Electric Cell Borer (ECB-1001, Richo Chemical Research, Kyoto, Japan). After electroporation, the mixture was cooled at 4
• C for 15 min, followed by centrifugation at 50 × g for 3 min. The precipitate was washed 4 times with 1.4 ml of 10 mM Tris-HCl (pH 6.5) containing 250 mM KCl; this precipitate was used as the protoplast material for the introduction of sugars.
Sodium chloride treatment and survival rate of the protoplasts The electroporated protoplasts (100 µL) were added to 900 µL of 250 mM NaCl in 10 mM Tris-HCl (pH 7.0) and incubated at 10
• C for 6 h. Non-electroporated protoplasts added to 250 mM NaCl were used as a control. The molarity of the solution was adjusted to 0.5 mol/kg by adding mannitol. Salt tolerance was estimated on the basis of the survival rate of the protoplasts. Protoplast survival was determined by staining with 0.4% trypan blue; the surviving protoplasts were those that were observed to be unstained upon microscopic observation (Petrášek et al. 2002) . The number of surviving protoplasts prior to the NaCl treatment was 100%. The survival rate was measured every 2 h for 6 h. The survival rates were analysed statistically by using a t test.
Results and discussion
We initially verified the efficacy of our method of introducing sugars into protoplasts by electroporation. Fructan, a fructose polymer, was used as the introduced sugar. Protoplasts into which fructan was introduced by our electroporation method were homogenized using a supersonicator for 1 min, and the concentration of fructan in the homogenate was measured. The concentration of fructan in the protoplasts was observed to increase with the concentration of fructan used during electroporation (Fig. 1) . Therefore, the introduction of Each dot represents the mean of five determinations. The black box and white box in the figure indicate the control and electroporation, respectively. Electroporated protoplasts (100 µL) were homogenized and made to a final volume of 1.0 mL by adding 10 mM Tris-HCl (pH 6.5) containing 250 mM KCl. Subsequently, 0.1 mL of each of 0.15 M ZnSO 4 and 0.15 M Ba(OH) 2 was successively added to the homogenate, followed by centrifugation at 8 400 × g for 3 min. The supernatant was used for fructan determination with resosinol-HCl (Roe et al. 1949) .
the exogenous fructan into protoplasts by electroporation was confirmed.
The survival rate of the protoplasts containing each of the introduced sugars was approximately 98% without NaCl treatment (data not shown), suggesting that the introduction of sugar has no effect on protoplast survival.
The effect of sugar introduction on protoplast survival during NaCl treatment is shown in Fig. 2 . With regard to monosaccharides and sugar alcohols, the survival rates of the protoplasts were increased significantly only by the introduction of xylitol (P < 0.05). For di-and trisaccharides, the survival rates were increased significantly by the introduction of cellobiose, 1-kestose, maltose, maltotriose, raffinose and trehalose (P < 0.05), while no changes were observed with the introduction of fructobiose, lactose and sucrose.
Based on the aforementioned observations, we discuss the involvement of the functional groups of sugars in salt tolerance. The relationship between the number of equatorial hydroxyl groups (e-OH) in mono-, di-and trisaccharide molecules and the survival rate of the protoplasts is shown in Fig. 3 . The survival rate tended to increase with an increase in the number of e-OH (r = 0.88**).
The e-OH promoted the structuration of H 2 O, and the degree of structuration was increased with an increase in the number of e-OH groups (Uedaira & Uedaria 1985) . It has been reported that under conditions of heat and drought stress, highly structured H 2 O protects the structure of biomembranes and also the activity of enzymes that are in close proximity to H 2 O (Uedaira & Uedaira 1980; Iwahashi et al. 1995) . This protective mechanism is also considered to play an important role in salt tolerance (Nakamura et al. Survival rate (%) Fig. 3 . Effect of the number of equatorial hydroxyl groups present in molecules of mono-, di-and trisaccharides (a) and di-and trisaccharides only (b) on protoplast survival when protoplasts were treated with NaCl (250 mM) for 6 h. Each dot represents the mean of 5 determinations.
1992; Mansour 1998; Okuma et al. 2000) , and xylitol has been reported to structure H 2 O in a manner similar to trehalose (Krallish et al. 1997) . Thus, the structuration of H 2 O appears to be involved in the salt tolerance of protoplasts, and the accumulation of certain sugars may play an important role in maintaining the structure of cell membranes and the activities of enzymes by promoting the structuration of H 2 O. Further, it may also be responsible for osmomodulation, leading to an increase in the salt tolerance of the plant.
